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ABSTRACT
In this study, a numerical thermal analysis for a new designed flat plate thermal collector was conducted through
modeling. The new flat plate thermal collector has ellipse shaped tubes inside a wavy shaped absorber, which is
made of stainless steel. For the comparison, the conventional flat plate thermal collector with circular copper tubes
served as a base case was also modeled. Hottel-Whillier equations were utilized to formulate thermal networks for
both models developed in Engineering Equation Solver. According to simulation results, for a given solar radiance,
the thermal efficiency of both solar collectors decreases along the increase of the operating temperature of the fluid.
Given a same operating temperature of fluid, higher solar radiances lead to higher efficiency of both thermal
collectors. Comparably, the new flat plate thermal collector generally obtains a 10% higher efficiency than the
conventional one at different solar radiance level and average operation temperature of towing to its new design of
the absorber. This concludes that the new flat plate solar collectors would be a better option for typical solar
domestic hot water system.

1. INTRODUCTION
Conventional flat plate thermal collector is widely utilized in domestic hot water system as it provides reliable and
satisfactory performance with a low price. However, the efficiency of flat plate thermal collector can be promoted
by several methods and were validated by experimental data and simulation results from Mansour and Khamis’s
work (2013). Preceding studies explored the underlying pattern of the design of flat plate thermal collector in terms
of configuration of absorber, tube, and bond and its associated impacts. The design of irregular shaped absorber is a
tradeoff as in Dović et al. (2012) and Varol et al. (2008)’s research, heat transfer between fluid and absorber was
stimulated as corrugated and wavy shaped absorber provided larger contact area, but more thermal loss from
absorber to ambient air was also observed due to the fact that the shape of absorber enlarged convective and
radiative heat transfer between absorber and cover. Still, a conclusion can be drawn from Karim et al. (2006) and
Karsli and Suleyman (2007)’s research that a well-designed corrugated absorber confirmed outstanding performance
than conventional flat plate thermal collector. Besides the circular tube in conventional thermal collector, the
possibility of constructing various shaped tube such as ellipse tube and rectangular tube were also investigated by
Demianiuk et al. (2012) and Shelke et al. (2015).
This study presents a numerical thermal analysis of a new flat plate thermal collector whose absorber is configured
as a wavy shape with many ellipse tubes inside of the absorber. To evaluate the performance of this new thermal
collector, a conventional thermal collector configured with welded tubes beneath a flat absorber serves as a base
case. Apart from the configuration of the absorber and the tube in two thermal collectors, the housing of collector,
fluid condition, and weather condition are the same. Assuming a quasi-steady state condition, thermal network was
developed in Engineering Equation Solver (EES) to solve simultaneous thermal balance equations and to determine
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thermal resistances between or within each component in collector as a function of temperature. The performance of
the new flat plate thermal collector is evaluated by its instantaneous energy efficiency at different operating
temperature of fluid for some given solar radiance. The study serves as a potential renovation on flat plate thermal
collector for domestic hot water system.

2. CONFIGURATION OF THE NEW THERMAL COLLECTOR
The objective of this study is to evaluate the performance of the new designed flat plate thermal collector. Contrast
to the conventional flat plate thermal collector, which has a flat absorber with many circular tubes beneath the
absorber through welded bonds, the absorber in new thermal collector is configured as a wavy shape with many
ellipse tubes inside of the absorber. Figure 1 depicts the cross section of one tube in new thermal collector alone its
thermal network. The top segment is the tempered glass cover. Below the cover is the absorber. The gap between the
cover and the absorber is filled with air. The ellipse shaped tubes are conjected with the next tubes via the flat part of
absorber. The absorber is placed on the insulation. The bottom part of the collector is the back sheet. The vertical
edge of collector is insulated by the same insulation underneath absorber. Solar radiation transmits through the glass
cover and is received by the absorber. Due to the structure of the collector, the received solar energy is lost from the
absorber to ambient air through the glass cover, the back sheet, and the edge. The remaining solar energy converts
into thermal energy by transferring to the fluid in tube.

Figure 1: Cross section of new thermal collector
* t_a: ambient air temperature; t_s: sky temperature; R_1: convective thermal resistance between collector cover glass and air;
R_2: the radiative thermal resistance between collector cover glass and sky; R_3: the conductive thermal resistance within
cover glass; R_4: the convective thermal resistance between absorber and cover glass; R_5: the radiative thermal resistance
between absorber and cover glass; R_6: the conductive thermal resistance within absorber, insulation and back sheet.

Typical conventional flat plate thermal collector is selected to compare the performance with the new collector.
Figure 2 is the configuration and thermal network of the conventional flat plate thermal collector serves as base case.
Apart from the configuration and material of absorber and tube, the housing, consisted of cover glass, insulation,
back sheet, and edge insulation, are constructed the same as new collector.

3. NUMERICAL MODEL
Thermal analysis of solar thermal collector is a complicated process, but one simplified numerical model developed
by Hottel and Whillier gives useful results. As the useful heat collected by fluid in Hottel-Whillier’s model is
defined by the difference between received solar radiance by absorber and the overall heat loss from absorber to
ambient air, the performance of a thermal collector is influenced by the configuration of absorber, tube, and its
housing. The useful heat gain can be expressed as a function of inlet temperature of fluid, property and geometry of
thermal collector and ambient weather condition shown in equation (1). The property and geometry of thermal
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collector are factored in the area of flat plate collector Ac, heat removal factor FR, and overall heat transfer
coefficient UL. Outlet fluid temperature of fluid can be inferred by a heat balance equation shown in equation (2).
Efficiency of collector in equation (3) is defined as a ratio of useful heat gain to solar radiation on the plane of
collector.
Q  A  F  [ S  U  (T  T )]
u
c
R
L
i
a

(1)

Q  m  C  (T  T )
u
p
o
i

(2)



Qu
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(3)

,where: Qu is the useful heat gain, W; Ac is the area of thermal collector, m2; FR is the heat removal factor; S is the
solar radiance received by absorber W/m2; I is solar radiation on the plane of collector, W/m2;UL is the overall heat
transfer coefficient, W/ (C*m2); Ti is inlet temperature of fluid, C; To is the outlet temperature of fluid, C; Ta is the
ambient air dry bulb temperature, C; m is the mass flow rate of fluid, kg/s; Cp is the specific heat of fluid, J/(kg*C).
To compare the new and conventional thermal collector, the first impact from the new configured absorber is the
thermal resistance between the absorber and the cover. Assuming that the shape of insulation will not change under
the weight of absorber and the tube. Due to the wavy shape of the new absorber, the distance of air gap varies while
in conventional collector stays a uniform. The changing air gap results the changes of the radiative thermal
resistance between cover and absorber. In addition, the wavy shape of the absorber disturbs natural convection
above the absorber. The second impact is the convective heat transfer between the fluid and the tube. In new
thermal collector, the convective heat transfer occurs between the fluid and the ellipse tube while in conventional
thermal collector, the convective heat transfer occurs between fluid and circular tube. The third impact is the
conductive thermal resistance of bond. In new thermal collector, heat flux is from the absorber to the fluid via the
tube while in the conventional thermal collector, heat flux is from the absorber to the fluid via the bond and the tube.
The bond is eliminated in the new thermal collector to increase heat flux to the fluid.

Figure 2: Cross section of conventional thermal collector

3.1 Overall Heat Transfer Resistance
The overall heat transfer coefficient is an equivalent heat transfer coefficient from the absorber to ambient air via the
top cover, back sheet, and the edge insulation. The definition of overall heat transfer resistance is given in equation
(4). The following section gives more details of the radiative and the convective thermal resistance between the
absorber and the cover, the convective thermal resistance between the fluid and the tube.
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, where R is the overall thermal resistance, C*m2/W; Rc_ac is the convective thermal resistance between cover and
ambient air, C*m2/W; Rr_cs is the radiative thermal resistance between cover and sky, C*m2/W; Rc_sc is the
convective thermal resistance between absorber and cover, C*m2/W; Rr_sc is the radiative thermal resistance
between absorber and cover, C*m2/W; R_ins is the conductive thermal resistance in insulation, C*m2/W; R_bs is the
conductive thermal resistance in back sheet, C*m2/W; R_edge is the conductive thermal resistance in edge
insulation, C*m2/W.
3.1.1 Convective and radiative heat transfer between absorber and cover: Abdelkader et al. investigated the natural
convection between a wavy surface and a flat surface in a horizontal enclosure. They described a wavy surface as
expressed in equation (5) (Slimani et al, 2007).
F ( x)  A  [1  cos(2    x)]C

P

(5)

The average Nusselt number for the convective heat transfer between a wavy surface and a flat surface was obtained
under different Rayleigh number and aspect ratio AR in Slimani et al (2007)’s work by simulation, where aspect
ratio is defined as AR = (2 × b) / a and b is the amplitude of cosine function and a is the wave length.
To determine the convective thermal resistance between the absorber and the cover, a tube shown in Figure 3 is
taken as an example for illustration. The absorber can be divided into three separate parts due to its geometry: one
ellipse surface and two flat surfaces. R_c_1 and R_c_3 in Fig.3 are the convective thermal resistance between the
flat part of absorber and the cover which can be treated as the convective thermal resistance between two parallel
flat surfaces (Duffie et al,1980). R_c_2 in Figure 3 is the convective thermal resistance between an ellipse surface
and a flat surface. R_c_2 can be obtained from Slimani et al, (2007)’s work by approximating the ellipse tube as a
cosine wave. Therefore, the convective thermal resistance between absorber and cover R_c for one tube equals:

Rc _ sc 

1
1
1
1


R _ c _1 R _ c _ 2 R _ c _ 3

(6)

Figure 3: Convective heat transfer between absorber and cover
Following the same approach, the radiative thermal resistance between absorber and cover can be determined. The
radiation between two surfaces with any shapes is given in Duffie et al (1980)’work as the effect of shape is factored
in view factor. The view factor between the ellipse shaped tube and the flat cover approximates 0.48. The radiative
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thermal resistance between the flat part of absorber and the cover can be treated as the radiative thermal resistance
between two flat surfaces.
3.1.2 Convective thermal resistance between fluid and tube: The flow in the conventional thermal collector can be
treated as the flow in a circular tube. While the flow in the ellipse tubes in the new thermal collector can be
approximated as the flow in noncircular tubes by taking hydraulic diameter as the characteristic length (Bergman et
al, 2011).

D 
h

4 Ac
p

(7)

, where Dh is the hydraulic diameter, m; AC is the area of cross section of ellipse tube, m2; p is the perimeter of cross
section of ellipse tube, m.

3.2 Heat Removal Factor
Classical fin analysis method is implemented to associate collector’s heat removal factor with the configuration of
absorber. The flat part of absorber that separates tubes can be treated as a fin with a thickness of δ shown in Figure
4. The length of fin shown in Figure 3 equals (W-D)/2. The distance between tubes is W and the width of ellipse
tube is D/2.

Figure 4: tube and sheet dimensions
The temperature variation alone z and y axis was negligible due to the good conductance of absorber (Duffie and
Beckman, 1980). The ellipse tube was assumed at a uniform temperature Tt. Applying the energy balance with
boundary conditions and introducing new variables m, the heat transfers from the fin to the fluid from both sides per
unit length in flow direction is shown in equation (8).

q

'
fin

 (W  D)  F  [ S  U  (T  T )]
t a
L

(8)

, where

F

tanh[m(W  D)/2]
m(W  D)/2
m  UL

k 

(9)

(10)

, where k is the thermal conductivity of absorber, W/m*°C.
The useful heat collected by the fluid also includes the heat from the ellipse tube shown in equation (11). Here one
assumption was made: the overall heat transfer coefficient for the ellipse tube part and the flat part of absorber were
the same.
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(11)

Therefore, the useful heat gain per unit length in flow direction equals:

qu' [(W  D) F  D][ S U L (Tt Ta )]

(12)

Finally, the useful heat must be transferred to the fluid. In the new thermal collector, the effect of the bond is
eliminated. As a result, the thermal resistance results from the convective thermal resistance between the fluid and
the tube.

qu' 

Tt T f
1
h fi   Di

(13)

, where hfi is the convective heat transfer coefficient between fluid and tube, W/m2-°C, Di is the tube’s inner
diameter, m.
By solving Tt in equation (13) and substituting it to equation (12), equation (14) is obtained.

qu' W  F ' [ S U L (T f Ta )]

(14)

, where F’ is the collector efficiency factor:

1/U L

F' 
W [

1
1

]
U L [ D  (W  D) F ]  h fi  Di

(15)

Obtaining F’, heat removal factor can be expressed as:

mC p

Ac U L  F '
FR 
[1 exp( 
)]
Ac U L
mC p

(16)

While for conventional flat plate thermal collector, the collector efficiency factor F’ equals:

Fc' 

1/U L
W [

1
1
1
 
]
U L [ D  (W  D) F ] Cb  h fi  Di

(17)

, where Cb is the conductance of bond on a per unit length basis known the bond thermal conductivity kb, W/m-C;
average bond thickness γ, m; and width of bond b, m.

k b
Cb  b
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4. CALCULATION OF NUMERICAL MODEL
To solve this numerical model, thermal network model is formulated in Engineering Equation Solver, developed by
the University of Wisconsin, Madison. Its ability to solve simultaneous equations and the richness of built-in
functions to calculate physical and thermal property of working fluid make it widely utilized to deal with
thermodynamic and heat transfer problems.
As the space between two tubes in conventional thermal collector is three times the space between two tubes in new
thermal collector, a sample area that contains one tube for conventional thermal collector and three tubes for new
thermal collector was selected for numerical simulation to make two cases comparable. The fluid and weather
information used in the model were summarized in Table.1 and collector information was summarized in Table 2.
Table 1: Fluid and weather information
Fluid information

Weather information

Matter of fluid

Water

Wind velocity (m/s)

3

4.2

Dry bulb temperature (°C)

15

1000
From 20°C to
90°C

Wet bulb temperature (°C)

10
From 600 to
1000

Specific heat of fluid (J/(g °C)
Density of fluid (kg/m3)
Inlet fluid temperature ( °C)

Solar radiance (W/m2)

Table 2: Collector information
Parameter

Conventional collector

New collector

Width of simulated model (m)

0.107

0.107

Length of simulated model (m)

0.54

0.54

Tube inner diameter (m)

0.008

-

0.1

-

Major axis length of tube (m)

--

0.0168

Minor axis length of tube (m)

--

0.0028

Length of flat part of absorber (m)

--

0.002

Gap between cover and oval surface (m)

--

0.02

Gap between cover and flat surface (m)

--

0.023

Thickness of absorber (m)

0.0005

Thickness of insulation (m)

0.045

0.0005
0.045

Thickness of back sheet (m)

0.001

0.001

Thickness of cover glass (m)

0.004

0.004

Conductivity of insulation (W/m °C)

0.04

0.04

Conductivity of back sheet (W/m °C)

205

205

Conductivity of cover glass (W/m °C)

1.7

1.7

Conductivity of absorber (W/m °C)

205

26.5

Cover emittance

0.88

0.88

Tube outside diameter (m)

Cover transmittance

0.8

0.8

Absorber emittance

0.05

0.05

Absorber absorbance

0.95

0.95

0.001106

0.001106

0

0

Mass flow rate for one tube (kg/s)
Tilted angle (degree)
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5. RESULTS AND DISCUSSION
In this section, analysis of performance of the new thermal collector is performed at different inlet temperature of
fluid and solar radiance comparing with the conventional flat plate thermal collector. Solar radiance and inlet
temperature of fluid are two key inputs and the efficiency of thermal collector is a critical output. Solar radiance was
varied from 1100 W/m2 to 600 W/m2 with an interval of 100 W/m2. The inlet temperature of the fluid was varied
from 20°C to 90°C with an interval of 5°C to prevent the phase change of fluid in tubes.

5.1 Thermal Efficiency and Solar Radiation
The thermal efficiency of the new and the conventional thermal collectors are shown in Figure 5 and Figure 6
separately. In Figure 5 and Figure 6, horizontal axis represents the average operating temperature of fluid above
ambient air temperature. The vertical axis stands for the thermal efficiency, which is the ratio of useful heat gain to
the solar radiance on collector’s plane, as expressed in equation (3). For the two thermal collectors placed
horizontally, solar radiation significantly affects energy efficiency. As shown in Figure 5 and Figure 6, the models
predict that for a given operating temperature of fluid, thermal efficiency of the both collectors increase with the
increase of solar radiance. This can be translated that larger solar radiance contributes to higher absorbed solar
energy but does not enlarge overall heat transfer coefficient of collector notably. For a given solar radiance, the
energy efficiency decreases as the average operating temperature of fluid increases. This can be explained as the
average operating temperature of fluid increases, the mean temperature of absorber and overall heat transfer
coefficient also increase. Therefore, resulting more heat loss and a lower energy efficiency.

Figure 5: Conventional thermal collector efficiency and solar radiation

Figure 6: New thermal collector efficiency and solar radiation
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For comparison, Table 3 lists the coefficients to present the linear relationship between efficiency and average
operating temperature of fluid above ambient air temperature. Additionally, one chart illustrates energy efficiency at
a given solar radiance equals 800 W/m2 is shown in Figure 7. Simulation results confirm a better performance of
new thermal collector than the conventional one. As it can be noticed that for different solar radiance level, both
thermal collectors offer similar trend as the operating temperature of fluid increases but the new thermal collector
achieves an average 10% higher thermal efficiency.

Figure 7: New and conventional thermal collector efficiency under solar radiation I = 800 W/m2
Table 3: Energy efficiency of two thermal collectors
New collector
Solar radiance
(W/ m2)
1100
1000
900
800
700
600

Conventional collector

a

b

a

b

-0.0047
-0.0051
-0.0057
-0.0064
-0.0072
-0.0084

0.7521
0.7534
0.7549
0.7569
0.7593
0.7625

-0.0055
-0.0061
-0.0067
-0.0076
-0.0086
-0.0099

0.6832
0.685
0.6871
0.6896
0.6926
0.6936

* Efficiency = a  average operation temperature above ambient temperature + b

Table 4 is prepared to illustrate the difference of energy efficiency between the two collectors when inlet
temperature of fluid is 40°C at a given solar radiance equals 1000 W/m 2. At the same working condition, the thermal
efficiency of the new thermal collector is about 10% higher than the efficiency of the conventional collector. As the
useful heat gain and thermal efficiency are defined, the better performance of new thermal collector can be
translated from three aspects: (1) the configuration of the new thermal collector contributes a higher heat removal
factor while a lower overall heat loss coefficient comparing with the conventional thermal collector. (2) The
temperature of the absorber in new collector is lower than the temperature of absorber in conventional collector
which results less heat loss from absorber to ambient air. (3) The temperature of the glass cover in new thermal
collector is closer to ambient air temperature. While the higher temperature of the glass cover in conventional
collector leads to a higher heat loss comparing with the novel collector.
To make the simulation results comparable, two collectors worked at the same flow rate. Therefore, the heat transfer
coefficient inside tubes of the new thermal collector was slightly higher than that of the conventional collector due
to the slow-moving fluid in new thermal collector (0.00278 m/s for new thermal collector while 0.022 m/s for
conventional thermal collector).
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Table 4: Performance of two thermal collectors

Heat transfer coefficient inside tubes (W/m °C)
Fluid mean temperature (°C)
Absorber mean temperature (°C)
Cover glass temperature (°C)
Overall heat loss coefficient (W/m2 °C)
Heat removal factor
Instantaneous efficiency
Useful heat gain (W/m2)

New
333
43.2
47.1
15.9
4.96
0.94
0.5624
562.4

Conventional
294
42.9
52.7
18.7
6.32
0.85
0.4579
457.9

6. CONCLUSION
In this study, a numerical thermal model for a new designed flat plate thermal collector with a wavy shaped absorber
and ellipse tubes insides the absorber is presented. The main objective of this study is to evaluate the thermal
performance of the new thermal collector by modeling. For evaluation, thermal efficiency of the new thermal
collector is compared with a conventional flat plate thermal collector with similar dimensions and same working
conditions. The simulation results disclose that due to the configuration of the new thermal collector, it provides an
approximate 10% higher thermal efficiency than the conventional thermal collector under different operating
temperatures of fluid for given solar radiances from 600 W/m2 to 1100 W/m2. As indicated by the modeling results,
new thermal collector can be served as a better option than convention collector for a typical domestic hot water
system.
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